Abstract-A detailed study of the wavelength dependence of the formation of lenslets by photo-expansion in chalcogenide glasses is reported. Photo-expansion in chalcogenide glasses offers a one-step fabrication process to record surface structures such as gratings and microlenses. The process is purely optical and requires no fixing and etching to get the desired surface structure. Two competing effects, namely large volumes accessed by low energy photons and large magnitudes of photostructural changes due to high energy photons, provide the possibility of using different fabrication techniques to obtain lenslets by the photoexpansion process. Strongly absorbed 514.5 nm light is used to record micro-optical lenslets in As2S3 glass and up to 10% relative volume changes are observed. The low power density requirements at this wavelength are used to demonstrate a parallel lithographic fabrication technique for recording lenslets with high repeatability and throughput, and with excellent control over curvature and dimensions. The magnitude of surface dilation is maximized at the photon energy that combines the advantage of short wavelength exposures in producing large percentage volume changes, with the advantage of low energy photons in irradiating large volumes of the glass matrix. A variety of wavelengths within the Urbach tail range of the optical absorption edge are employed to find the optimal wavelength for large absolute volume changes in As 2 S 3 glass. Lenslets as high as 8 m are fabricated with focused light exposures from a dye laser operating at 584.5 nm. Lenslets are structurally characterized with alphastep scanners and an atomic force microscope (AFM) and are optically characterized by testing the collimation of 1550-nm light emerging from a single-mode fiber with these lenslets.
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I. INTRODUCTION
M ICRO-OPTICAL lenslets are increasingly being considered in free-space optical systems providing an optical interconnection between very large scale integrated (VLSI) electronic chips [1] , between modules containing chips [2] , and in "stacked planar optics" [3] . Micron sized lenses or lenslets have been fabricated in a variety of ways. Ishihara and Taginaki [4] have shown lenslet formation by melting resins deposited on top of a CCD image sensor but precise control of the feature size was cumbersome. A variation of this [6] in InP by first chemically etching a multilevel mesa and then using mass transport to obtain a smooth curvature. The present work uses photo-expansion to optically write lenslets in bulk As 2 S 3 glass. The key advantage of this technique is that it is a one-step optical process which requires no multistep etching or fixing to get a smooth curvature. Illumination of chalcogenide glasses with above band gap light causes photodarkening and photo-expansion [7] - [9] . Photodarkening [7] is a photo-induced red shift of the optical absorption edge which is accompanied by an increase in the index of refraction in the transparent spectral range below the absorption edge. Photo-expansion [8] , [9] is the attendant increase in the lattice volume of a photodarkened chalcogenide glass sample. In As 2 S 3 glass, the glass network expands [9] by approximately 0.5% due to this photostructural change. However, when the irradiated volume is constrained in an unexposed matrix, stress at the interface leads to higher volume changes. Hisakuni and Tanaka [10] reported a 2% expansion by illuminating a portion of an As 2 S 3 glass sample with 632.8 nm light from a He-Ne laser. They used this enhanced photo-expansion effect to fabricate lenslet and lenslet arrays with focused light from a He-Ne laser at 632.8 nm [11] . In an earlier report [12] on surface gratings fabricated by this process, we had demonstrated that the stress relaxation occurs over many bonds making the process nonlocal in nature. That is, the surface expansion is not limited to the regions that are illuminated and thus the surface morphology may be controlled by the matrix of unexposed glass.
The photo-expansion process is a band-edge related effect and is thus a function of the wavelength of irradiating light. To the best of our knowledge, this is the first report of a detailed study of the lenslet formation process as a function of inducing wavelength. Fig. 1(a) shows the classical Urbach edge for As 2 S 3 glass [13] , [14] and Fig. 1(b) shows the photoinduced shift in the Urbach edge per absorbed photon, as a function of photon energy [15] . Hisakuni and Tanaka [11] used 632.8 nm light for optical recording and Fig. 1(a) shows that this wavelength lies in the tail of the absorption edge for As 2 S 3 glass and is only weakly absorbed by the glass matrix. Moreover, Fig. 1(b) indicates that the shift in the band edge due to photons at this energy is three orders of magnitude below the maximum change possible. Since the 0733-8724/97$10.00 © 1997 IEEE change in glass volume is directly related to the magnitude of the shift in the band edge, exposures at this wavelength would thus require the use of high power densities which can be practically achieved only by focusing the laser light. Lenslet arrays may then be made only by sequentially illuminating every spot where a feature is desired. We have demonstrated the use of 514.5 nm light (photon energy 2.41 eV) from an Argon ion laser in obtaining expansions as high as 10% of the irradiated volume and we believe this is the highest reported photo-induced volume change ratio in chalcogenide glasses. Not only do photons at this energy cause a larger shift in the band edge [see Fig. 1(b) ], they are also strongly absorbed [see Fig. 1(a) ], drastically reducing the power density requirements. Furthermore, since the skin depth of 514.5-nm light is 5.5 m, the lenslets can be fabricated on a film of similar thickness, making possible monolithic integration of lenslets with other optoelectronic devices by sputtering or evaporating these glasses on top of them. Given the relaxed power density requirements at this wavelength, we demonstrate a parallel lithographic process to fabricate lenslets with argon laser light and show that up to 10 m diameter lenslets may be fabricated with smooth curvature, and with repeatability and throughput as high as that guaranteed by standard photolithography. The smooth curvature is a result of the nonlocal interaction we reported [12] earlier and high repeatability and throughput are achieved by exposing the glass sample through an appropriately patterned mask.
The magnitude of volume change is proportional to the total irradiated volume and thus lower photon energies would be preferred. On the other hand, Fig. 1 indicates that the maximum saturable shift in band edge increases with photon energy. A 514.5-nm light is strongly absorbed and causes a large relative change in volume but since it has a shallow skin depth, the total irradiated volume is not large. Thus, even though photons at this energy expand the lattice by 10%, the actual height of the surface modulation is only 0.5 m. We studied a variety of wavelengths to determine the optimal wavelength for exposure and found that 584.5 nm light from a dye laser induced surface expansions as high as 8 m. Thus, this wavelength offers the best compromise between the large percentage changes caused by strongly absorbed high energy photons, and the large irradiation volumes accessed by low energy photons. To the best of our knowledge, this is the highest photo-expanded surface modulation in chalcogenide glasses reported to date. Focusing action for these lenslets was demonstrated by collimating 1550 nm light emerging from a single-mode fiber and the resulting collimated light patterns were used to characterize the quality of the lenslets.
II. EXPERIMENTAL
One-inch diameter disks of As 2 S 3 glass, with a thickness of 1.25 mm, were obtained from Amorphous Materials Inc. [16] Lenslets were first fabricated with 514.5 nm light from an argon ion laser. The laser beam was spatially filtered and then collimated to obtain a high quality Gaussian beam. This beam was focused on to the surface of the glass sample with a 16-cm focal length lens. The resulting spot size was The room temperature band edge absorption spectrum for high purity As 2 S 3 glass. The absorption spectrum shown for As 2 S 3 glass is a composite of data reported in [13] and [14] . Vertical lines show the photon energies of the wavelength at which previously reported ( [10] and [11] ) lenslets were fabricated along with the wavelengths used in this report and (b) band edge shift per photon irradiated as a function of photon energy, from [15] . 102 m at focus. The beam intensity was 0.5 mW giving an average power density of 6.1 W/cm 2 . Various exposures ranging from 1-15 min were obtained and the resulting lenslets were structurally characterized using an alpha-step scanner. Higher power densities were tried to reduce recording times and we observed that even a 1-min-long exposure at 60 W/cm 2 causes the material to be ablated since green light at 514.5 nm is very highly absorbed in As 2 S 3 glass. Fig. 2(a) and (b) show Nomarski image micrographs of the glass exposed for 10 min to power densities of 6.1 W/cm 2 and 60 W/cm 2 , respectively. A smooth rounded lenslet is obtained at very low powers while the surface locally heats up and evaporates at higher power densities. Fig. 3 shows alpha-step scans for Since the power density requirements are very low, this process may be used to fabricate lenslets without using focused laser beams. We demonstrated a parallel lithographic fabrication process, in which diffused 514.5 nm light from an argon ion laser was used to write many lenslets simultaneously. The samples were prepared by evaporating a 0.5 m layer of gold on top of the disks of As 2 S 3 glass and then patterning the gold mask with apertures ranging in diameter from 6-25 m with standard UV photolithography. Argon ion laser light at 514.5 nm was spatially filtered, expanded and then collimated resulting in a Gaussian beam with a very large beam waist, to emulate a plane wave. Thus the surface of the sample was uniformly illuminated with a power density of 1.727 W/cm 2 . Exposures ranging from 5 to 60 min were obtained and Fig. 4(a) and (b) show atomic force microscope (AFM) scans over lenslets exposed for 60 m, through 6 and 15 m apertures, respectively. The lenslet in Fig. 4(a) has uniform curvature and excellent surface qualities. The observed spike is noise from tip vibrations in the AFM. This was confirmed by repeating such scans and observing various spikes which moved randomly across the image. The feature in Fig. 4 (b) has smooth curvature close to the edges but is mostly flat on the top surface. Fig. 5 shows line traces through AFM scans of features exposed for 60 min through various apertures ranging in size from 6 to 25 m. It is clear that surface features up to 10 m in size have rounded surfaces to qualify as lenslets, the curvature resulting from the nonlocal spread of the photo-expansion process. For larger aperture sizes, the glass surface is exposed to a near uniform intensity distribution and thus the expansion is likewise, uniform. The feature height increased as a function of exposure time but saturated at 0.4 m for exposure times higher than 60 min. The feature heights were largest for exposures through the smallest (6 m) apertures as the strain differential leading to the large photoexpansion is higher when the aspect ratio of the induced feature is low. The lateral sizes (diameters) of the features closely corresponded to the diameter of the apertures through which they were exposed, indicating excellent dimensional control by the parallel lithographic fabrication process.
Feature heights and widths were also studied as a function of inducing wavelength using several exposures from a tunable dye laser at different wavelengths within the Urbach edge, to determine the optimal wavelength for features with large aspect ratios. The largest surface feature heights of 8 m were obtained when lenslets were fabricated at 584.5 nm. Light from the dye laser at this wavelength was focused with a 16 cm focal length lens on to the surface of the As 2 S 3 glass sample, to obtain a spot size of approximately 100 m and an average power density of 48.4 W/cm 2 . Exposure times ranging from 1 to 30 min were employed and alpha-step scans through these lenslets revealed an expansion of as high as 7.174 m for a 30-min exposure. The surfaces of these lenslets were smooth with the curvature closely resembling the radial intensity profile of the recording Gaussian beam. The lateral widths for lenslets induced by a 100-m diameter laser spot ranged from 137.3 to 157.6 m indicating, as in the case of focused green light exposures, a nonlocal spread of the photoexpanded glass. Fig. 6 is a plot of the surface feature height as a function of exposure time and this shows that the process is far from saturation. Thus with longer exposures or higher power densities, features heights larger than 8 m should be achievable.
The lenslets fabricated by focused yellow light from the dye laser were optically characterized in order to determine their focal lengths and focusing properties. Light from a semiconductor diode laser operating at 1550 nm was coupled into a single-mode fiber and the intensity distribution at the facet of the fiber was imaged on to a Vidicon camera. Next, the imaging set up and the camera were simultaneously moved away from the fiber and the spot size of the light out of the fiber facet was measured as a function of distance of separation between the imaging plane of the camera and the fiber facet. This gave us the divergence of light from a bare fiber. Now, with the photo-expanded lenslets placed between the imaging plane and the fiber facet, the divergence of light was measured after it passed through the lenslet. The lenslet position was optimized for obtaining minimum divergence and the focal length was determined as this distance between the lenslet and the fiber facet. Fig. 7(a) and (b) show camera images of the diverged light 3 mm away from both, the fiber facet and the surface of a lenslet exposed for 15 min, respectively. For a lenslet exposed for 15 min which was 148.95 m in diameter and 4.8 m high, the measured focal length was 632 m, and for a 5 min exposed lenslet with a 137.3 m diameter and 1.95 m height, the measured focal length was 540 m. Fig. 8 is a plot of the spot size of the diverging light after passing through various lenslets, as a function of distance from the lenses, compared with a similar plot for the fiber without any lenslet in the beam path. Though complete collimation was not achieved, significant decrease in the divergence of light as it leaves the fiber clearly demonstrates focusing action for these lenses.
III. ANALYSIS AND DISCUSSION
From Fig. 1(b) it is apparent that green light at 514.5 nm corresponds to the lowest photon energy of light that offers the largest shift in the band edge of As 2 S 3 glass. Therefore, this is the wavelength where the largest number of bonds undergo the photostructural change that leads to photo-expansion. On the other hand, 514.5 nm light is highly absorbed in As 2 S 3 glass and thus the irradiated volume is small. Thus even though the total volume change may not be large (0.5 m), this wavelength offers the highest percentage of volume change (10%), as was observed from the focused light exposures using the argon ion laser. The diameter of lenslets ranged from 102.1 to 141.01 m with the size increasing with exposure time, even though the recording beam spot size was 102 m in each case. As we mentioned in our earlier report [12] , the photoexpansion process is nonlocal in nature in that unexposed portions of the glass also undergo a volume change in response to the stress relaxation due to strain fields created by the expansion. The ratio of the lateral sizes of the lenslets to the recording beam size, increased from 1.0 for a 1-min-long exposure to 1.38 for a 60-min exposure. The strong absorption of photons from 514.5 nm light allows the use of low intensity, diffuse light exposures for fabricating lenslets and we demonstrate a parallel lithographic fabrication technique using this inherent advantage. This process offers distinct advantages over using focused light exposures to form lenslets on chalcogenide glasses. The process eliminates the need for multiple exposures for lenslet arrays, as is required in focused light exposures. Focused light exposures would also require that the inducing beam quality be carefully monitored whereas all that is required in the lithographic process is that the surface be illuminated uniformly, as in the case of flood exposures in standard UV photolithography. Further, the expanded profile closely follows the intensity profile of the inducing light and a Gaussian profile of a focused beam will not be able to produce hemispherical structures, the optimal profile for refractive lenslets. In contrast, the parallel lithographic technique yields smooth hemispherical profiles like the lenslet shown in Fig. 4(a) , which are ideally suited for lenslets. The presence of curvature in spite of uniform intensity of illumination is attributed to the nonlocal interaction of the photo-expansion process. The regions covered by the gold mask experience no expansion and thus induce strain at the exposed-unexposed interfaces. The consequent stress relaxation between the two regions serves to inhibit the expansion of the illuminated regions, with the effect of the stress field diminishing with distance from the interface. The exposed regions strongly influenced by this stress field exhibit a spherical curvature. For apertures with sizes larger than twice the distance of the influence of the stress field, the feature develops a flat top and resembles a pill-box rather than a lenslet, as in the case of the feature in Fig. 4(b) which was exposed through a 15 m aperture. We determined that for exposures with 514.5 nm light, up to 10 m wide features may be fabricated that retain a hemispherical profile and thus the characteristic length of influence for the nonlocal interaction in the photo-expansion process is 5 m. This manifestation of nonlocality differs from the case of the focused light exposures in that the stress field inhibits expansion of the exposed regions, in contrast to the focused light exposures where the nonlocality gave rise to an increase in the volumes of the unexposed regions. This difference is not yet understood and further studies are in progress to determine its origin. Nevertheless, this manifestation of the nonlocal process is advantageous since the size of lenslets closely corresponds to the aperture size and this offers excellent control over lenslet diameters.
Exposures with yellow light at 584.5 nm revealed very large surface modulations since the photon energy of this recording beam is an ideal compromise between the depth of field that is influenced and the magnitude of photostructural change that is possible due to high absorption. Further, Fig. 6 shows that the process is still not saturated and there is potential to achieve surface displacements even greater than 8 m. Smooth curvatures were obtained as in the case of the focused green light exposures and the nonlocal spread of the expansion process yielded lenslet diameters larger than the spot size of the recording beam. Since the total volume expansions were much larger than in the case of focused green light exposures, the ratio of lateral spread was also larger. The ratio of lenslet sizes to recording beam sizes ranged from 1.34 for a 5-min exposure to 1.57 for a 30-min exposure. These lenslets clearly demonstrate focusing action as shown by the beam profiles in Fig. 7 and the divergence plots in Fig. 8 . However, the collimated beam profile shown in Fig. 7(b) shows fringes around the periphery that indicate a departure from ideal lens behavior. Further, the divergence plots of Fig. 8 show that complete collimation was not obtained, although a substantial decrease in divergence was achieved. Assuming the lenslets are spherical in profile, the focal length may be calculated by (1) where is the height and is the diameter of the lenslets, and is the index of refraction of the glass. For 1550 nm light, for As 2 S 3 glass, giving a focal length, , of 770.3 m for the lenslet exposed for 5 min and a focal length of 369.5 m for the lenslet exposed for 15 min. The experimentally measured focal lengths were 540 m and 632 m for the lenslets exposed for 5 and 15 min, respectively. Note that the departure from predicted focal lengths of the model is of different polarity for the two lenses. For the lenslet induced by a 5-min exposure the observed focal length is smaller than the value predicted, whereas the lenslet written for 15 min has a longer focal length than the model predicts. This discrepancy is resolved by considering the mechanism of the photodarkening process which produces an attendant refractive index change beneath the surface of the lenslets in As 2 S 3 glass. The temporal dynamics of the index change are nonlinear and thus the total index change for a 15-min exposure is much larger than that for a 5-min exposure. Thus, in the case of the lenslet exposed for 15 min, the focusing effect is due to a combination of the relief structure on the surface as well as a radial gradient index distribution within the glass matrix while the model considers only a surface modulation. On the other hand, the contribution due to the index distribution for the 5-min lenslet is negligible. The absolute departure from the predicted values for focal lengths in both cases may arise primarily from a Gaussian-shaped profile being modeled as a hemispherical lenslet. Also, the fact that the lenslets are not hemispherical in profile may explain the reason for the absence of complete collimation in Fig. 8 . The origin of the observed fringes are not understood but one may argue that the raw laser beam, unless spatially filtered, can contain modes other than the fundamental TEM: 0, 0 mode and this may give rise to uneven index changes that lead to aperture effects.
IV. SUMMARY AND CONCLUSIONS
The photo-expansion process has been employed to fabricate refractive lenslets in As 2 S 3 glass. The process is wavelength dependent and we have evaluated the spectral characteristics of photo-expansion from the point of view of making refractive lenslets. Largest relative volume changes were achieved using short wavelength exposures with energies close to the band edge for As 2 S 3 glass. On the other hand, the largest magnitudes of the surface dilation were obtained by exposure to photons with energies lying at an optimal value within the Urbach edge.
Up to 10% expansions were observed when As 2 S 3 glass was exposed to focused green light. This is the longest wavelength at which peak relative volume changes can be induced and since light at this wavelength is strongly absorbed in the Chalcogenide glass, this process is also highly energy efficient, relaxing the power density requirements for lenslet fabrication. We demonstrated a parallel lithographic fabrication technique that yielded smooth hemispherical lenslets up to 10 m in diameter. Nonlocal interactions of the photo-expansion process make possible rounded curvatures even when uniform illuminations are employed. We also determined the optimal wavelength to induce the largest surface dilations possible in As 2 S 3 glass. Lenslets fabricated with 584.5 nm light had smooth surfaces and had feature heights of up to 8 m. These features successfully functioned as lenslets albeit with certain aberrations that may be due to the nonuniformities of the inducing laser beam. Measurements indicated that photoexpansion with 584.5 nm light may offer surface feature heights larger than the observed 8 m.
The determination of 584.5 nm as the optimal wavelength for large volume changes is extremely useful for application of the parallel lithographic process for fabrication of lenslets. The parallel lithographic process avoids the problems of uneven Gaussian profiles and aperture effects, and yields smooth hemispherical structures. Since the volume expansions induced by 584.5 nm light are an order of magnitude larger than those induced by green light at 514.5 nm, considerably larger interaction lengths for the nonlocal photo-expansion process can be expected. This opens up the possibility of using the parallel lithographic technique for lenslets of much larger lateral sizes and higher numerical apertures. Our investigations of this possibility were limited by the power of our dye laser, and future studies will focus on chalcogenide glasses with lower band gaps where high power infrared light from a Ti:Sapphire laser may be employed for the photodarkening processes.
